High harmonic generation (HHG) enables extreme-ultraviolet radiation with table-top set-ups 1 . Its exceptional properties, such as coherence and (sub)-femtosecond pulse durations, have led to a diversity of applications 1 . Some of these require a high photon flux and megahertz repetition rates, for example, to avoid space charge effects in photoelectron spectroscopy 2-4 . To date, this has only been achieved with enhancement cavities 5 . Here, we establish a novel route towards powerful HHG sources. By achieving phase-matched HHG of a megahertz fibre laser we generate a broad plateau (25 eV-40 eV) of strong harmonics, each containing more than 1 × 10 12 photons s -1 , which constitutes an increase by more than one order of magnitude in that wavelength range [6] [7] [8] . The strongest harmonic (H25, 30 eV) has an average power of 143 μW (3 ×10 13 photons s -1 ). This concept will greatly advance and facilitate applications in photoelectron or coincidence spectroscopy 9 , coherent diffractive imaging 10 or (multidimensional) surface science 2 .
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In the late 1980s, the first experiments on high harmonic generation (HHG) driven by intense pulsed lasers were performed 11, 12 .
The process rapidly attracted a great deal of attention because of its non-perturbative behaviour 12 , its coherence 13 , the potential for sub-femtosecond pulse trains 14 or isolated attosecond pulses 15 , and its table-top set-up 12 . Today, significant efforts to further advance this still growing field are leading to an ever increasing demand for novel laser sources. The established laser technology for HHG is based on Ti:sapphire chirped pulse amplifiers, which deliver multi-millijoule, ultrashort (∼25 fs) pulses with only several kilohertz of repetition rate at 800 nm. An increase in repetition rate to the megahertz level with increased photon flux (the number of photons per second per harmonic) would, for example, help to mitigate space charge effects in photoelectron spectroscopy [2] [3] [4] , reduce integration times in coherent diffractive imaging 10 or increase the signal-to-noise ratio in general. Inherently, increasing the repetition rate in HHG is associated with average power scaling of ultrashort-pulse lasers, which is challenging to realize. In this regard, the use of passive enhancement cavities (ECs), which coherently overlap pulses inside a highfinesse resonator, has been considered the most promising approach 5 . HHG is directly achieved inside the resonator, which requires an outcoupling mechanism by default. This latter requirement, as well as ionization-induced phase shifts, have been identified as the most severe limitations of enhancement factors (intra-cavity intensity), stability and accessible wavelength range 16 . A highest average power of ∼200 µW in the 11th harmonic (12.7 eV) of enhanced 1,070 nm fibre lasers has been obtained with this approach, but with rapidly decreasing signal towards 30 eV (ref. 5) . Recently, the use of ECs was extended to shorter wavelengths by demonstrating harmonics up to 100 eV and 5.3 µW in the 27th harmonic (32.5 eV) 6 . At the same time, the complementary approach of directly using high-repetition-rate lasers for HHG has been pursued. Although up to 20 MHz has been demonstrated, the attainable photon flux was orders of magnitude lower than that of ECs or traditional Ti:sapphire lasers, because phase matching was not achieved 17 .
In this Letter we demonstrate phase-matched HHG of a nonlinear compressed fibre chirped pulse amplifier (FCPA), resulting in a conversion efficiency of more than 10 −6 into a single harmonic at 30 eV. This demonstrates a new class of coherent extreme-ultraviolet sources where the average power in the 25-40 eV range is increased by more than one order of magnitude over previous systems [6] [7] [8] . HHG can be understood with a simple three-step model that describes the response of a single atom to a strong laser field 18 . The single-atom response to a certain intensity, that is, the dipole amplitude A q , can be obtained quantum-mechanically 19 or modelled by empirical scaling laws 20 . The overall yield obtained in HHG, however, critically depends on macroscopic effects (phase matching), that is, the coherent build-up along the generation medium. The dipole amplitude A q significantly increases with intensity, but at the same time the increased ionization fraction strongly influences the phase matching 1, 21 . It has to be noted that the use of ultrashort laser pulses reduces the impact of ionization and allows the use of higher intensities 1 , therefore increasing A q . Ultimately, the signal build-up is limited by linear absorption of the harmonics in the generation medium itself 22 . For the present experiments we used an FCPA with subsequent nonlinear compression (see Methods). The system delivers laser pulses with 130-150 µJ of energy, a duration of ∼30 fs (Fig. 1a ) and variable repetition rates 23 . These pulses were focused to a focal spot diameter of 90 µm (1/e 2 intensity, Fig. 1b ) inside a vacuum chamber containing gas jets (Fig. 1c) of different diameter. The generated harmonics and the remaining infrared light pass two SiO 2 surfaces (see Methods), reducing the average power of the driving laser to protect the following two aluminium filters (1 µm thickness) against damage. Subsequently, the harmonics are analysed with a flat-field grating-based spectrometer (see Methods). Optimization of the experimental parameters was carried out for xenon gas, as it has the lowest ionization potential and highest A q of all noble gases. The intensity in the focal spot was reduced gradually from 1.5 × 10 14 W cm −2 until blueshifting of the harmonics with increasing pressure disappeared at ∼9 × 10 13 W cm −2 . Figure 2a presents the signals of the 23rd, 25th and 27th harmonics, obtained at this intensity level, with respect to various nozzle openings. Clearly, the signal increases up to the maximum opening diameter of 1 mm, where it starts to saturate. This behaviour is very similar for all observed harmonics (H19-H31), leading to broad plateau of strong harmonics. The absolute signal of the harmonics is obtained either with the known detection efficiency or with a photodiode (see Methods). The latter method was used to measure the average power of three harmonics (Fig. 2b) at 50 kHz, yielding values of 10.7 µW (H19), 13.3 µW (H21) and 15.5 µW (H23), which are in good agreement with our estimates (based on the known detection efficiency) of 8 µW (H19), 10 µW (H21) and 13 µW (H23), respectively. Because of this consistency between the two techniques, the photon flux for the remaining harmonics and for higher repetition rates was obtained using detection efficiencies. We also studied the phase-matching behaviour by varying the backing pressure of the gas jet and, simultaneously, recording the signal of the respective harmonics. The signal growth of the harmonics was also in good agreement with a numerical model 20, 22 ( Fig. 2c ; see Supplementary Section I). According to a calculation with the Ammosov-Delone-Krainov (ADK) ionization model, the ionization fraction at the peak of the pulse is 24% and higher than the critical ionization level 21 . The experiment was therefore performed in a transient phase-matching regime, where the coherence length L coh = π/Δk is larger than the medium length over a short time interval at the rising edge of the pulse where the harmonics are generated and phase matching is achieved. The absorption lengths at optimal pressure (∼60 mbar in the interaction region, Fig. 2c ) are 590 µm (H23), 881 µm (H25), 1.1 mm (H27) and 2.4 mm (H31), which means that the lower-order harmonics are close to the absorption limit, and a longer interaction length would be required for higher orders 22 (Supplementary Section III). More importantly, the repetition rate of the laser system can be increased to 0.6 MHz (80 W of average power) with very similar pulse parameters (intensity, pulse duration and focal spot size), which is corroborated by the almost linear increase of the harmonic signal (Fig. 2b, inset) . The spatial profiles and spatially integrated spectra for the experiments at 0.6 MHz are shown in Fig. 3a . The gas jet was positioned slightly behind the focus (∼150 µm), which results in phase matching for the short trajectories, as indicated by the excellent spatial profiles of the low diverging harmonics 13 . A similar optimization was carried out for krypton gas targets (Fig. 2d) , resulting in the use of a 600 µm nozzle placed ∼180 µm behind the focus. The intensity of ∼9 × 10 13 W cm −2 (600 kHz) is similar, but the ionization is significantly reduced to <3% at the pulse peak. Consequently, phase matching can be achieved over an increased time window around the pulse peak, which results in spectrally narrower harmonics (Fig. 3b) . In this case the coherence length is ∼1 mm and the absorption lengths for an optimal pressure of 110 mbar are 162 µm (H23), 221 µm (H25), 286 µm (H27) and 730 µm (H33), which means, again, that the lowest harmonic orders are generated absorption-limited (Supplementary Section III). The obtained average power of the harmonics generated in xenon and krypton are shown in the lower panels of . Experiments performed at a repetition rate of 300 kHz and a different spectrometer configuration show that microwatt-level harmonics are generated up to H39 (47 eV). The achieved photon flux is within one order of magnitude of typical freeelectron-laser operation 24 , although these facilities can offer up to a few 10 15 photons s −1 with high peak intensity 25 . In conclusion, we have demonstrated the most powerful source of coherent extreme-ultraviolet radiation (25-40 eV) enabled with HHG to date [6] [7] [8] . In combination with megahertz-level repetition rates, this will greatly advance applications in various fields, in particular in (multi)-dimensional surface science, coincidence detection experiments, photoelectron emission spectroscopy (PES) and microscopy (PEEM), (time-resolved) coherent diffractive imaging (CDI), among others 2,4,9,10 . Due to the excellent scaling properties of coherent combination, the availability of kilowatt-averagepower femtosecond lasers 26 will further increase the HHG signal by another order of magnitude. Moreover, a second nonlinear compression stage can be implemented for achieving, potentially, sub-10 fs pulses with high average power and repetition rate. In combination with carrier-envelope phase stabilization this could also enable high-photon-flux megahertz isolated attosecond pulses 27 . Accordingly, the presented results are a major milestone towards new applications of coherent extreme-ultraviolet radiation in science and technology.
Methods
Fibre laser with nonlinear compression. The front end is an FCPA system that incorporates coherent combination (CC) of pulses from up to four main amplifier channels 28 . In the experiments presented here, the system was operated with a pulse energy of 270 µJ, a compressed pulse duration of ∼340 fs and a repetition rate between 50 kHz and 0.6 MHz, which corresponds to an average power between 14 W and 163 W. Laser pulses were sent to the nonlinear compression set-up as described in ref. 23 , and coupled into the 1.1-m-long hollow-core fibre (inner diameter of 250 µm). After evacuation, the tube was filled with 4 bar of krypton gas to enable spectral broadening. Subsequently, the pulses were compressed in time by a chirped mirror compressor with a group delay dispersion of -1,600 fs 2 . After propagation through this set-up, the pulses were 29 fs short (Fig. 1a ) with an energy of 130-150 µJ. At the highest repetition rate of 600 kHz, the average power used for HHG was >80 W.
HHG and characterization of extreme-ultraviolet radiation. The nonlinear compressed pulses were focused with an f = 300 mm lens (∼f/50 focusing) onto a gaseous target inside a vacuum chamber. Simple cylindrical nozzles with different opening diameters (see main text) provided the gas targets. The generated harmonics and fundamental infrared laser co-propagated and impinged on a chicane of two SiO 2 substrates, which were used with an angle of incidence of 75°and p-polarization. The first substrate was pure fused silica and the second contained an anti-reflection coating (for infrared), with the top layer being SiO 2 (ref. 29) . Consequently, the surfaces reflected the harmonics with sufficient efficiency (for example, ∼17% at 30 eV for two reflections), and the infrared was suppressed to less than 1%. This allowed the following two aluminium filters to withstand even high-average-power operation. After the filters, the infrared light was completely suppressed and the harmonics were sent into a flat-field gratingbased spectrometer (Ultrafast Innovations) equipped with a charge-coupled device (CCD) camera (Andor).
We used two independent methods to obtain the average power of individual harmonics. As described in the main text, the first method relies on filtering three harmonics (Fig. 2b) using a combination of a 200 nm aluminium filter and a 200 nm zirconium filter, and then measuring the average power with a photodiode (AXUV100G, Opto Diode). The measured current of the photodiode was converted into an average power with the known responsivity of the diode of 0.26 ± 0.01 A W −1 at 23-27 eV. This power was distributed among the harmonics according to the percentage values given in Fig. 2b . The harmonic signal before the filters was obtained using the measured transmission values of each filter and harmonic, respectively. The reflection coefficient of the SiO 2 surfaces was calculated using the general reflection coefficients 30 The second method is based on calculating the harmonic signal by accounting for the known efficiencies of the detection apparatus. The number of photons per second, N ph,s , emitted directly after the gas jet was obtained with the equation
where S CCD is the measured signal (counts) on the detector, σ is the CCD sensitivity in electrons per count, η QE is the quantum efficiency of the CCD, E ph is the photon energy of the harmonics in eV (E ph /3.65 eV is the number of electrons freed per photon at a bandgap energy of 3.65 eV), η g is the grating diffraction efficiency, t f1/2 are the filter transmissions, R p is the reflection coefficient of a SiO 2 surface for p-polarized light, and t exp is the exposure time. The CCD characteristics (σ, η QE ) were used as characterized by the manufacturer, the diffraction efficiency of the grating (η g ) was used as described in ref. 32 , R p was obtained as described above, and the transmission of the aluminium filters was measured. The so-obtained values have been compared to the photodiode measurement performed for harmonic orders H19, H21 and H23 and show good agreement (see main text).
One-dimensional model for HHG. We used a one-dimensional model to calculate the harmonic signal on-axis 20, 22 . For that purpose we calculated the time-dependent wave-vector mismatch Δk (t) = q·k 0 − k q according to our experimental conditions. This model proves very useful for understanding the phase-matching conditions present in our experiments. More details on the model and experimental conditions are presented in the Supplementary Information.
